A backeross between the inbred parents, Lycopersicon esculentum (LA 490, recurrent parent) and Solanum pennellii (LA 716) constitutes ideal material for an investigation of linkage between enzyme marker genes and loci determining quantitative traits (QTL): the chromosomes of the parents are the same in number and are homosequential; the parents differ for well-defined alleles at 12 enzymatic loci, which represent at least 8 of the 12 chromosomes, and large differences exist between the parents for measurable metric traits.
number and are homosequential; the parents differ for well-defined alleles at 12 enzymatic loci, which represent at least 8 of the 12 chromosomes, and large differences exist between the parents for measurable metric traits.
The four metric traits investigated in this study were inherited in typical quantitative fashion; the marker segregations fit monogenic ratios for all except four loci, for which there were deviations of three favoured alleles of the recurrent parent, in agreement with frequent observations in interspecific hybrids. Association between QTL and mapped enzyme markers were detected statistically from calculations based on the normal distribution. In this manner a minimum of 21 0Th were mapped.
Two pairs of linked enzyme markers permitted application of a three-point mapping procedure by comparing the data with models expected for various positions of QTL. Data for three Oil fitted predictions specified for a locus closer to one marker than the other, and data for one OTL met all criteria save one for a locus between the two markers.
Certain QTL coding for stigma exsertion and leaf ratio have effects opposite to those expected from parental values; i.e., for these traits both parents contribute alleles coding for positive and negative effects, resulting in the observed transgressive variation. When values observed for Oil linked with pairs of independent markers are compared with sums of separate values for each, significant epistatic interactions are detected. Although the extent of epistasis could not be determined precisely, it is probably not large. The paired interactions identified additional OTL whose individual effects were not otherwise detectable. Enzymatic markers offer a number of advantages for the analysis of quantitative genetic variation which include: (a) lack of detectable effects on the morphology and physiology of the soma, (b) codominant expression, permitting exact identification of genotypes, and (c) lack of epistasis, allowing classification of any number of such markers segregating simultaneously. A tester stock with linked enzyme markers on each chromosome therefore could conceivably be utilized to analyze the total quantitative differences between two parents in a single segregating progeny. Such a tester stock might be especially useful for probing exotic germplastn for genes controlling quantitative characters of economic importance. The methods of analysis outlined here could easily be adapted for analysis of F2 populations or generations from other mating designs where a fuller array of genetic variation would be revealed.
Present addresses: * Department of Horticulture, New Mexico State Univ., Las Cruces, New Mexico 88003; t Instituto Agronômico, Campinas, Brazil. (1923) found an association of seed size (a quantitatively inherited character) with seed coat pigmentation (a discrete monogenic character). He attributed this correlation to linkage of seed size genetic factor(s) to the alleles for seed colour. A number of reports have since shown linkage of genetic factors controlling quantitative variation with discrete marker genes (for a review see Thompson and Thoday, 1979) . The basic approach of using marker genes in segregations to detect genes controlling quantitative traits was put forth as a viable technique for systematically analyzing quantitative variation by Thoday (1961) .
INTRODUCTION SAX
One problem inherent in this method of genetic analysis stems from the nature of the marker genes that one has classically been forced to use. Most of these markers are recessive, and when homozygous impart some morphological abnormality to the individual. The recessive-dominant allelic interaction also presents a problem. When using recessive marker alleles, the analysis is almost always confined to a backcross to the recessive homozygous tester stock. An F2 generally would yield considerably less information and a backcross to the dominant homozygous parent would yield no information since the marker gene segregation would not be detected.
A second problem with classical markers is the possibility of confounding effects of the marker genes with effects of the quantitative genetic factors being investigated. In some cases this problem has been overcome, albeit at the expense of considerable effort and time (Breese and Mather, 1957, 1960; Jayakar et a!., 1977) .
To make this technique of analyzing quantitative genetic variation with marker genes more powerful and easily applicable, it would be desirable to have a large number of marker genes distributed throughout the genome with alleles interacting in a codominant fashion. The alleles of these marker genes should produce little or no effect on the morphology of the organism in question, and each marker should be unequivocally identifiable even if a large number are segregating in the same cross. Enzyme marker genes fit these qualifications and, as indicated by our experience in Lycopersicon, are ideal candidates for such study.
In applying a test for using enzyme markers for quantitative genetic analysis, we crossed individuals from two morphologically distinct species of tomato which were homozygous for allelic differences at 12 enzymic loci. By monitoring, in a backcross population, the segregation of these loci-most of which have been mapped (see Tanksley and Rick, 1980) -we have been able to map a number of the genetic factors controlling several quantitatively inherited characters. Although our experiments were limited to the first backcross, where recessive factors and some of the epistatic variation would not be expressed, the approach to be outlined could well be applied in analyzing the range of genetic variation found in an F2 population. The potential of enzyme markers to accelerate selection in this backcross is treated elsewhere (Tanksley et a!., 1981) .
MATERIALS AND METHODS
Hybrids were made between Lycopersicon esculentum cv. VF36 (LA 490) and the related wild species, Solanum pennellii (LA 716 from Atico, Peru). Both are highly inbred and homozygous for all tested loci. VF36 was used as the pistillate parent since unilateral compatibility precludes the reciprocal cross (Rick, 1960) . Despite their allocation to different genera these two species are easy to hybridize, the F1's experiencing nearly normal chromosome pairing and sufficiently high fertility to permit controlled introgression (Khush and Rick, 1963) . Backcross seeds were obtained by using F1 pollen in crosses to VF36.
(i) Electrophoretic enzyme assays Five hundred BC1 seeds sown in wooden flats in the greenhouse produced approximately 400 viable seedlings. Six weeks later when they were approximately 15 cm tall, these plants were transplanted into a 1: 1 mixture of sand and soil supplemented with fertilizer-a treatment that stimulates new root growth and thus high levels of enzyme activity. One week later the plants were assayed via starch gel electrophoresis to determine their individual genotypes with respect to the following segregating enzyme loci:
Aps-1, Aps-2, Got-2, Prx-1, Prx-2, Prx-4, Prx-7, Est-4, Est-7, Pgin-2, Pgi-1, and Skdh-1. Subsequently, these plants along with several replicates of the two parents and F1 hybrid were transplanted in the field for measurement of quantitative traits. The mapped enzyme loci scored mark eight of the 12 chromosomes and two unmapped genes-Est-4 and Pgi-1-are known to be independent of the ten other enzymic genes-hence must mark significant additional parts of the genome, if not additional chromosomes. Methods of electrophoresis, enzyme extraction and map positions of the enzyme loci can be found in Tanksley and Rick (1980) and Tanksley (1981) .
(ii) Measurement of metric characters
Measurements were taken on all individual plants of parents, F1, and the backcross for the following quantitative traits: leaf ratio, stigma exsertion, fruit weight, and seed weight. Leaf ratio (width divided by length) differs between the orbicular segments of S. pennellii and the lanceolate ones of VF36. Stigma exsertion, measured from the mouth of the anther tube to the top of the stigma, varies from the exserted condition in S. pennellii to insertion in VF36. Means for these two characters were calculated from three independent measurements on each plant.
All plants were hand self-pollinated to assure adequate fruit set. Fruit weight was determined from a mean of six ripe fruits per plant, the minimum being two. A random sample of ten seeds from each plant was weighed to estimate the mean. 10). Our results are thus in general agreement with those of Rick (1969 Rick ( , 1972 for morphological markers on the three chromosomes, 3, 8, and 10. The latter investigations did not test chromosome 1.
In view of these distortions, each population was subdivided into stronger and weaker seedlings, the division being arbitrarily based on size of plant. The segregation data were compiled for each subgroup and Chi-square tests against 1: 1 and for heterogeneity between subgroups calculated (table 2) . Two of the loci with overall distorted segregations showed differential segregation between subpopulations. For Aps-2 the more vigorous subpopulation deviated 2: 1, L. esculentum homozygotes to heterozygotes, but segregation of the weaker group did not deviate significantly from 1: 1. For the Prx-4 locus, the distortion was of the opposite type: the more vigorous individuals segregated 2: 1 with an excess of heterozygotes, whereas the weaker group segregated approximately 1: 1. In the segregations of Est-7 and Prx-2, an interesting reversal occurred in the direction of skewing between subpopulations. The more vigorous deviated significantly toward an excess of the recurrent parent alleles, whereas the weaker showed a slight, non-significant excess of heterozygotes. Curiously, the massed data of these two subpopulations did not deviate significantly from 1: 1. Presumably the deviations of the weaker lot negated the significant distortions in the more vigorous.
Overall, seven significant deviations were encountered in the subpopulations and of these, six favoured the recurrent parent allele. In this respect the results are in general agreement with other tests of segregations in interspecific hybrids (Stephens, 1949; Rick, 1963 Rick, , 1969 Rick, , 1972 . The fact that skewing at single loci differed significantly between the more vigorous and the weaker subpopulations for four of the twelve loci studied indicates that strong selection is acting at the seedling stage and can account for much of the overall skewness. Part of the single locus skewing may also be due to pollen competition during fertilization. The occurrence of this latter mechanism has been well documented (Zamir et a!., 1981) .
(ii) Segregation of quantitative traits Information concerning the behaviour of the four quantitative traits in parents, F1, and backcross generations is summarized in table 1. Typical of quantitative characters in general, all exhibit continuous variation in the backcross. The genetic component of variation (broad sense heritability in comparisons between F1 and BC) is relatively high for all except leaf ratio.
Leaf segments of S. pennellii are nearly circular in outline, having a mean leaf ratio (LR) of 096, whereas those of VF36 are lanceolate and have a mean LR of F90. Means of the F1 and BC fall between the parental limits but demonstrate some degree of dominance of the wild parent.
In S. pennellii and the F1, stigma exsertion is positive and nearly equal, revealing a high level of dominance of this parent, whereas the stigma is deeply inserted in the VF36 parent. The same degree of dominance is not revealed in BC, the mean value falling very close to the midpoint between P1 and F1. Segregation in BC is highly transgressive, greatly exceeding the limits of P1 and F1.
Fruit of VF36 are 76 times heavier than those of S. pennellii. The mean fruit weights of the F1 and BC closely approximate the geometric means of the parental fruit weights in keeping with the observations in previous studies of the genetics of this character in tomatoes (MacArthur and Butler, 1938; Powers, 1942) . The BC segregation is thus highly skewed toward the low parent. Dominance of small size is evident in the F1 seed weight, but the BC mean very closely approximates the midpoint between P1 and F1.
(iii) Detection of linkage between enzyme loci and quantitative-trait bc! Following the convention of Geldermann (1975) we shall refer to the segregating loci affecting the quantitative traits under study as quantitative trait loci (QTL). In order to detect linkage of enzyme loci with QTL controlling genetic variation of the traits-leaf ratio, stigma exsertion, fruit weight, and seed weight-the backcross data were divided into two groups with respect to each enzyme locus; one, all heterozygotes, the other all homozygotes. Differences between the means were calculated and twotailed significance levels computed for these differences based on the normal distribution: X1X2 Zj = (table 3). A significant difference in the means between homozygotes and heterozygotes was interpreted as linkage of QTL to the enzyme locus.
(iv) Estimating the minimum number of QTL The minimum number of QTL controlling a quantitative character was taken to be the total number of independent enzyme loci demonstrating a significant effect on that character. Since some of the enzyme loci are linked (S/cd/i-1 and Prx-1, Prx-2 and Est-7, Est-4 and Pgi-1), only one of the linked pair was counted if both showed significance. This conservative approach seemed appropriate since the same 0Th could be responsible for significant effects associated with both linked enzyme loci.
No attempt was made to estimate the magnitude of the effect a OTL must have on a character in order to be detected, as this depends on a number of factors including heritability, degree of additivity, size of the backcross population sampled, and proximity to an enzyme marker.
(v) Test for single vs. multiple QTL As already pointed out, more than one 0Th can be linked to a given enzyme marker, the combined contributions causing the observed effect attributed to a marker. In certain instances there is a method of directly testing for single vs. multiple QTL associated with a given marker. This is restricted to 0Th situated close to linked pairs of enzyme loci-in this case, Skdh-1-Prx-1, Prx-2-Est-7, and Pgi-1-Est-4. The logic behind the test is as follows: If a detected "effect" showing association with a given marker is caused by multiple QTL, equally distributed with similar effects, then the genetic cause of the "effect" cannot, with the type of data generated here, be mapped to a specific point on the chromosome. If, on the other hand, a single Oil or a tightly linked cluster of QTL causes the observed effect, then it should in theory be possible to associate the effect more strongly with one marker than the other. In some cases it might be possible to map the effect to a precise locus on the chromosome relative to the two linked markers. ? If the backcross data are resolved into four classes representing all possible combinations of linked marker genotypes, the differences in the means between these classes can be used to answer these questions. Table   TABLE 5 Predicted differences between means of two linked loci combinations based on models 1-111 and subnodels A, B (+ = positive value; -= negative value; 0 = no difference; NP = no prediction;
A=E/E E/E,B=E/E E/P, C=E/P E/E,D=E/P E/P)
Model Submodel 
+ -00
* Recurrent parent has larger value for quantitative trait compared to F1 (leaf ratio, fruit weight, seed weight).
t Recurrent parent has small value for quantitative trait compared to F1 (stigma exsertion).
5 lists the predicted direction (+ or -) that these differences should take for different locations of a single QTL (different combinations of Models 1-Ill and submodels A, B). A breakdown of the data for linked enzyme markers showing significant effects on different quantitative characters is given in table 6. The statistical significance of the differences was tested using the normal distribution:
IMSE MSE + fli fl2
The MSE (mean square error) was obtained from a series of 2-way analyses of variance using the linked loci as treatments. By matching the significant differences between the means with the predictions of the models in table 5, those "effects" that behave like single QTL can be mapped. Those cases for which no significant difference in the means was observed are candidates for multiple, recombining QTL.
(vi) Detected QTL At least five QTL were detected for each of the traits studied, with the average being 52 (table 3) . Six of the detected Oil were associated with linked pairs of enzyme markers, thereby permitting application of the test outlined above of single vs. multiple QTL. Three detected QTL fit models I or II from table 5, indicating that they are positioned closer to one marker than the other and suggesting that they might be single QTL. None of the detected QTL fits perfectly any submodel which would allow positioning between or to one side of the markers. However, one of the QTL for leaf ratio (Skdh-1-Prx-1) did fit the between-locus case (Model I, submodel A) for all but one of the predicted differences, indicating that it might reside between these two enzyme marker loci which themselves are 17 cm apart.
(vii) Plus and minus effects of QTL By comparing values of the two parents and the F1 hybrid one might predict whether the OTL contributed by each parent will have a positive or negative effect. For example, VF36 has fruit approximately 100 times heavier than S. pennellii. Thus the QTL contributed by VF36 should cause an increase in fruit weight. These predictions were met by all the QTL detected for fruit weight and seed weight. However, for the other two characters (stigma exsertion and leaf ratio), some OTL were detected which produced effects opposite to these predicted by the parental values. Thus one of the leaf ratio QTL contributed by S. pennellii caused a slight but significant increase in this character in BC1 plants even though S. pennellii has a smaller leaf ratio value (table 3). For stigma exsertion the results were even more striking. Two of the five Oil detected, caused effects in the direction opposite to those predicted by the parents (table 3) . Based on these observations, leaf ratio and stigma exsertion might be characters for which transgressive variation could be recovered in segregating generations. By combining a large number of positive or negative QTL contributed by both parents, some backcross individuals might exceed the Interacting effects of detected QTL on the four metric characters were tested by 2-way analysis of variance in which pairs of marker loci served as treatments. Significant interaction terms from AOV were interpreted as indications of epistatic interaction between QTL and were observed for all four traits. Amongst the total of 274 possible comparisons for two-locus interactions, 18 showed significant interactions, 13 at a 5 per cent probability level, five at the 1 per cent level (table 7) . In such a large number of traits, obviously not all comparisons with associated low probabilities can indicate real differences. Yet, in terms of the 1 per cent group alone, the total amount of interaction between loci is clearly more than expected by random deviation alone. Furthermore, of the seven interactions affecting seed weight, four are with QTL linked with Pgm-2, the remainder, with Aps-1. This delimitation, significant at p =(21/66)6 = 000104, suggests that the activity of seed weight QTL linked with Aps-1 and Pgm-2 is contingent upon the presence or absence of other segregating QTL. In another situation, an unexpected type of interaction occurred for the effect to Est-7. The breakdown of the two-locus groups in table 7 indicates a much larger effect in the presence of the Est-7 S. pennellii allele. In other words, the recombinant chromosome produces the greatest boost in fruit weight. Otherwise no clear patterns are discernible in the data.
The dilemma of determining which of the interactions with P 005 are real cannot be resolved with our data. At any rate, the highly significant interactions and the aforementioned indications of nonrandomness reveal the occurrence of some epistatic interaction. Twelve of the 18 interactions included one or both markers which singly did not significantly affect the characters in question; all five of the highly significant interactions belong in this group. The relationship suggests that a number of the loci affecting the quantitative traits were not detected by single-locus analysis. It seems likely that these undetected QTL are highly epistatic, possibly producing both positive and negative effects on the character, depending on the allelic composition at other loci throughout the genome. If such were the case, they would probably not be detected by the test for differences between homozygous and heterozygous marker loci since they produce no consistent effect. The procedures for detecting QTL are therefore undoubtedly biased toward loci with a higher degree of additivity.
(ix) Advantages of enzyme markers for investigating quantitative traits Many of the advantages of enzyme markers over morphological markers for genetic studies have been discussed previously (Brown and Allard, 1969; Nielsen and Scandalios, 1974; Tanksley and Rick, 1980) . In contrast to the usual recessive/dominance interaction of morphological markers, most enzyme alleles interact in a codominant manner, in which F2 segregations and backcrosses to either parent can be studied with comparable efficiency. Segregation of recessive morphological markers, on the other hand, can be detected in the backcross to only one parent, and in the F2, far less information is yielded by a 3: 1 than by the 1:2: 1 ratios typical of allozymes.
Even if a large number of enzyme loci segregate simultaneously in the same progeny, the genotype for each locus can be determined unequivocally in all individuals. It is therefore theoretically possible to use several enzyme markers on every chromosome. If a backcross or F2 were segregating for such n array of markers, a very clear picture of the genetic architecture of the investigated quantitative trait would be likely to emerge. Theoretically all of the QTL of major consequence affecting a trait could be mapped and characterized with data from a single segregating progeny. Since the contribution of the entire genome is observed simultaneously, tests for epistatic interactions between QTL would be straightforward. The results presented here as well as those of many other researchers (e.g., Spickett and Thoday, 1966; Fasoulas and Allard, 1962) reveal that interactions between discrete QTL are common. In contrast, it is obviously difficult to establish the extent and nature of such interactions if only a few marker genes are segregating simultaneously-the usual situation with morphological markers. Likewise, many epistatic interactions would not be detected by chromosome substitution techniques, in which the action of only a small portion of the genome is studied at a time.
For wide crosses, as in the present example, in which the desired enzyme variation is already present, no new markers need to be introduced. Thus, the time required in terms of number of generations and crosses is drastically reduced and the difficulties accompanying the introduction of extraneous genetic variation is avoided. Nevertheless, for the procedure to be more generally applicable, it might be possible to introduce into a single stock a series of rare enzyme alleles. This stock, which would differ at all relevant enzyme marker loci with respect to most other conspecific lines, could be used to test for any QTL-controlled trait. If enough allele differences were obtained, it should be possible in a single cross to test 90-100 per cent of the genome for QTL. In tomato, 20 enzymic genes have been mapped and another 10 should be located in the near future, so that a more complete coverage can be expected. For virtually all of these loci, rare alleles are available for incorporation into a single stock.
Up to the present time, the mapping of 0Th has been mainly limited to Drosophila for which the generation time is relatively short and a good assortment of genetic markers is available. By decreasing the number of crosses and generations required to map the Q1'L of various quantitative traits, the use of enzyme markers in quantitative genetic studies might be extended to other organisms.
Finally, in breeding programmes in both animals and plants, the identification and mapping of major genes controlling important quantitative traits offer certain possibilities. Such genes found to be closely linked with one enzyme marker (better if situated between two enzyme markers) could be transferred with great efficiency and certainty. The codominant enzyme alleles could be selected in early development stages, deferring direct selection for the quantitative character in question until advanced generations. It might be especially useful for probing exotic germplasm for important genes and transferring them into desirable backgrounds. Some aspects of this method of quantitative gene transfer have been considered by Soller and Plotkin-Hazen (1977) .
Tomato is an ideal model system for quantitative genetic studies using enzyme markers. In addition to the advanced status of enzyme genetic studies in this plant, there are a number of related, crossable species which possess characteristics of economic importance including drought tolerance, salt tolerance and low temperature tolerance (Rick, 1973 (Rick, , 1975 (Rick, , 1978 Vallejos, 1979; Epstein et al., 1980) . Presently there is great interest in transferring these traits into the cultivated tomato. Enzyme techniques as described in this paper might be used to study their inheritance and at the same time to facilitate their transfer into useful breeding lines.
